The history of toxicity tests with duckweeds shows that these assays with free-floating aquatic angiosperms are gaining increasing attention in ecotoxicological research and applications. Standard tests have been published by national and international organizations, mainly with the test species Lemna minor and Lemna gibba. Besides the former two test species the great duckweed Spirodela polyrhiza is to date also regularly used in duckweed testing. Under unfavorable environmental conditions, the latter species produces dormant stages (turions) and this has triggered the attention of two research groups from Belgium and Greece to jointly develop a "stock culture independent" microbiotest with S. polyrhiza. A 72 h new test has been worked out which besides its independence of stock culturing and maintenance of live stocks is very simple and practical to perform, and much less demanding in space and time than the conventional duckweed tests. Extensive International Interlaboratory Comparisons on the S. polyrhiza microbiotest showed its robustness and reliability and triggered the decision to propose this new assay to the ISO for endorsement and publication as a standard toxicity test for duckweeds. Sensitivity comparison of the 72 h S. polyrhiza microbiotest with the 7d L. minor assay for 22 compounds belonging to different groups of chemicals revealed that based on growth as the effect criterion both duckweed assays have a similar sensitivity. Taking into account its multiple advantages and assets, the S. polyrhiza microbiotest is a reliable and attractive alternative to the conventional duckweed tests.
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L'historique des tests de toxicité avec des lentilles d'eau démontre que ces essais réalisés avec des angiospermes aquatiques « flottants » reçoivent de plus en plus d'attention en recherche et en applications écotoxicologiques. Des tests standardisés ont d'ailleurs fait l'objet de publications par des organisations nationales et internationales, notamment avec les espèces test Lemna minor Baudo et al.: Knowl. Manag. Aquat. Ecosyst. (2015) 
HISTORY OF PHYTOTOXICITY TESTS WITH DUCKWEEDS
The potential or the actual toxicity of chemicals on plants -the "primary producers" of all ecosystems -is, in the aquatic environment, assessed with either algae or with vascular plants. The principles of ecotoxicology clearly state that no unique test species of either algae or macrophytes is best suited for determining the toxicity of all potential toxicants in all possible conditions of exposure, so in scientific literature there are plenty of examples of studies showing that some biological models have to be preferred over others for a number of reasons. Wang (1989) compared the two most common phytotoxicity tests, that are the duckweed growth/mortality assay and the seed germination/root elongation test, and concluded that the duckweed test appeared to be the most sensitive in detecting phytotoxicity. Lewis (1995) published a review on the use of freshwater plants for phytotoxicity testing which reports that aquatic vascular plants have been used less frequently than algae as test species. This is actually confirmed by a search of the EPA ECOTOX database by Dobbins et al. (2010) which showed that by far the majority of the aquatic phytotoxicity studies have been made on microalgae (18 700 data), versus 2120 on duckweeds and 1670 on other vascular plants. Despite the fact that historically more toxicity tests have been performed with microalgae than with duckweeds, the former report nevertheless clearly shows that the latter aquatic higher plants -many of which have a cosmopolitan distribution -have already been used extensively to determine the impact of chemicals, and especially herbicides, on the aquatic primary producers. Duckweeds are small plants with leaf-like structures (called fronds) of a size of a few mm, and with one or several roots. They are free floating on the water surface and they reproduce vegetatively. Toxicity tests with duckweeds are mainly performed with species belonging to the family Lemnaceae, i.e. the genera Landoltia, Lemna, Spirodela, Wolffia and Wolfiella. Scientific literature, shows that 95% of all the tests are performed on species from the genus Lemna, and more in particular mainly Lemna minor and Lemna gibba. The USEPA study of Dobbins et al. (2010) deals with the exploration of methods for characterizing effects of chemical stressors to aquatic plants and also includes a comparison on species sensitivity of rooted aquatic vascular plants with Lemna's. The findings revealed that some of these vascular plants were more sensitive than the duckweed, whereas others were less sensitive, but virtually all the sensitivity ratios are within a factor of 10. 23p2 R. Baudo et al.: Knowl. Manag. Aquat. Ecosyst. (2015) 416, 23 A detailed comparative study of duckweed and standard algal phytotoxicity tests for consumer product chemicals such as on surfactants, and on pesticides, has been made by Gausman (2006) . This study confirmed the findings of Dobbins et al. (2010) that "toxicity is species specific and chemical specific" and that the sensitivity of algae to the investigated toxicants is either similar, lower or larger than that of duckweeds. In his extensive review on "The Lemnaceae, or duckweeds: a review of the descriptive and experimental literature", Hillman (1961) indicates that duckweeds have already been used since the 1930s to assess the effects not only of herbicides but of a variety of pesticides and inorganic and organic compounds. During the 1940s and 1950s the early applications of duckweeds in the field of toxicology were centered on herbicide and fertilizer development. A criticism of Hillman (1961) on this early toxicology work is that the outcome of these investigations are highly dependent on control conditions and that little attention is paid to what optimal growth conditions for the controls should be. Wang (1986) tested several aquatic pollutants on duckweeds, including heavy metals, and in 1990 he published a literature review on the subject, with more than 100 references. Chaudhary and Sharma (2014) consider duckweeds as an ideal test system for screening and biomonitoring of the complex effluents of wastewaters. The sensitivity of duckweeds to toxicants has in several studies been compared with that of other model organisms such as macrophytes, algae fish and crustaceans. Hoffman et al. (2002) collected the available information and concluded that the reported studies presented somewhat contradictory results, as had actually also already been underlined by Wang (1990) . Since the turn of the century, duckweeds, which are known to be the "fastest growing angiosperms", are gaining more and more attention in ecotoxicological research. In the Journal of the "International Steering Committee on Duckweed research and Applications (ISCDRA)", Edelman (2015) reports that over the last 20 years, more than 300 studies have been published on toxicity tests with duckweeds on either chemicals or waste waters. It is therefore no surprise that toxicity tests with duckweeds have over the years been included in environmental legislation and guidelines. In the USA, duckweed test methods are published by the American Public Health Association (APHA et al., 1995) , the American Society for Testing and Materials (ASTM, 1991) and the United States Environmental Protection Agency (USEPA, 1996) . In Canada, Environment Canada issued a biological test method for measuring the inhibition of growth using the freshwater macrophyte Lemna minor (Environment Canada, 2007) . In Europe duckweed test standards are published by the Association Française de Normalisation (AFNOR, 1996) and the Swedish Standards Institute (SIS, 1995) . At the international level, the International Organization for Standardization (ISO) published a standard on a growth inhibition test on the duckweed Lemna minor (ISO, 2005) , and the Organization for Economic Cooperation and Development (OECD) issued a revised guideline for a Lemna sp. growth inhibition test (OECD, 2006) . Although duckweed tests are used for a variety of applications -often as part of a battery of toxicity tests -they are also mandatory for risk assessment of herbicides and plant regulators with regard to the placing of plant protection products on the market (EC Reg 1107/2009). In their detailed brochure on the Lemna minor test procedure, Environment Canada (2007) describes the numerous reasons why duckweed species are "uniquely useful for toxicity tests":
-they have a small size; -they have a relative structural simplicity and a rapid growth; -they reproduce vegetatively with genetically homogenous populations, which eliminate effects due to genetic variability; -they can be disinfected and grown in a liquid medium as well as on agar; -they can be cultured in controlled conditions more easily than most other angiosperms; -they have a high surface area to volume ratio; -they are excellent accumulators of a number of metallic elements; -they are especially susceptible to surface-active substances, hydrophobic compounds and similar substances that concentrate at the air-water interface;
-they can be used in tests with solutions renewal and with colored or turbid samples.
Until the time that toxicity tests with duckweeds were standardized, the experimental conditions used by the scientists for their assays covered, besides the choice of different test species, a wide range of procedures with regard to the culture and the test medium, the test containers, the temperature and illumination, the exposure time, and the effect parameters used to evaluate the impact of the analyzed toxicant or sample on the duckweed. Presently most of the standard methods referred to above make use of Lemna minor or Lemna gibba as the test species, and the test procedures measure growth inhibition as the effect parameter. Growth is determined by counting after 7 days exposure the number of fronds which develop from the colonies inoculated at the start of the test. The assays are performed in test vessels containing a specific nutrient medium, which are incubated at 25
• C and with continuous illumination (usually 85−125 µE·m −2 ·s −1 ). Additional effect parameters which are measured (or have to be measured) are frond area, dry weight, fresh weight and chlorophyll.
TOXICITY TESTS WITH SPIRODELA POLYRHIZA
Although as mentioned above the majority of toxicity tests with duckweeds have been performed with either Lemna minor or Lemna gibba, other duckweed species, and in particular Spirodela polyrhiza, have over the last decades also already been used extensively for toxicity testing of chemicals as well as of natural samples. The "giant duckweed" S. polyrhiza is, as indicated by its common name, substantially larger than other duckweeds, with fronds of up to 1 cm in comparison to only a few mm for most other duckweed species. Morphologically S. polyrhiza has several roots, whereas L. minor and L. gibba have one root only. Duckweeds reproduce by asexual budding but in unfavorable conditions for growth, such as drought or winter, "dormant stages" (called "turions") are produced. Turions are specialized fronds which are smaller and thicker than the fronds, and which sink to the bottom and stay dormant until favorable conditions for growth return. Taking into account their importance as pollutants of the aquatic environment, heavy metals in particular have been the subject of specific research with S. polyrhiza on both their toxic effects and their bioaccumulation potential. Studies have been performed on individual metals such as cadmium (Charpentier et al., 1987; Sinha et al., 1995) or on cadmium and copper (Saadi et al., 2002) . The effects of nickel were investigated by Xylander et al. (1993) and of arsenic by Zhang et al. (2011) . Extensive fundamental investigations on the toxicity and the accumulation of chromium by S. polyrhiza have been performed by Appenroth et al. (2003 Appenroth et al. ( , 2008 and Kaszycki et al. (2005) . Quite a number of comparative studies on the toxicity of metals and of various organic compounds have also been performed with S. polyrhiza in combination with one or several other duckweed species, such as Lemna minor and Lemna gibba, and with other plant and animal test species. Table I gives an overview of these studies and of the involved test species and chemicals. Other studies have addressed the toxicity of natural samples to the giant duckweed. Lakachauskiene et al. (1997) e.g. report that S. polyrhiza has been used since 1989 as an ecotoxicological biotest in the Institute of Botany in Vilnius, Lithuania, to estimate the "precipitation toxicity" in two regions, the toxicity of waste waters of industrial galvanic departments and the state of pollution of water reservoirs. In Germany, the suitability of S. polyrhiza was investigated for assessing the toxicity of a municipal landfill leachate and of two leachates of copper mining residue (Sallenave and Fomin, 1997) . Phytotoxicological assessments have been made with giant duckweeds in India, on wetlands (Lovesan and Sivalingham, 2012, 2013) and on chrome liquor from the tanning industry (Singh and Malaviya, 2013) . With regard to the effect levels reported in these publications, a comparison of EC50 values for e.g. the same metal shows that the data can differ substantially; this was actually also the case for the toxicity studies on Lemna species before they were standardized. For toxicity 23p4 R. Baudo et al.: Knowl. Manag. Aquat. Ecosyst. (2015) 416, 23 14 days) were also different from one study to the other, as well as the criteria used to evaluate the toxic impact. Effect parameters ranged from calculation of growth rates by counting of the colonies or the frond numbers, determination of wet weight or dry weight biomass and chlorophyll content. It is worth mentioning here that besides its use as an interesting test species for toxicity testing, the attention for S. polyrhiza has over the last decades also turned to other domains of interest. The major reason for this is their very rapid growth with a doubling time of less than 30 hours in optimal circumstances. This is nearly twice as fast as other "fast" growing flowering plants, and more than double that of conventional agricultural crops. A substantial number of publications address and report the usefulness of duckweeds for bioremediation of waste waters and in particular the treatment of sewage from agricultural operations with harvesting of biomass for biofuel feedstocks.
Over the last few years, attention has furthermore focused on S. polyrhiza for fundamental research, more specifically the unraveling of its genome sequence (Wang et al., 2014) . The giant duckweed was selected for genome sequencing because it has the smallest genome in the family of Lemnaceae. The findings on the S. polyrhiza genome will in the near future be very useful for fundamental research on genomics, systematics, genetics and biochemistry, as well as for applied industrial research.
DEVELOPMENT OF A "STOCK CULTURE FREE" MICROBIOTEST WITH SPIRODELA POLYRHIZA
Whereas toxicity tests with "terrestrial" plants can be started from the "dormant" life stages (seeds), toxicity test with duckweeds require continuous culturing and maintenance of live stocks, with the inherent biological, technical and financial costs. However, as mentioned above, when environmental conditions are no longer favorable for growth, some duckweed species can produce "turions"(see photo in Figure 1) . One of the first scientists who studied turion formation in duckweeds is Jacobs (1947) scientists in duckweed research who has performed extensive investigations on S. polyrhiza turions is Prof. Appenroth from the University of Jena in Germany. As of 1988. Appenroth has published with his research team and with scientists from various laboratories in different countries more than 30 papers on turion research.
Taking into account the importance of duckweeds in freshwater environments and the possibility of using turions as the starting material for a toxicity test, research has been performed by MicroBioTests Inc. -a spin-off company of the Laboratory for Environmental Toxicology and Aquatic Ecology at the Ghent University in Belgium -on the development of a "stock culture independent" microbiotest with S. polyrhiza. As of the 1980s, the latter laboratory has performed research on simple and practical microbiotests which are all based on "dormant" or "immobilized" stages of the test organisms, and which are hence independent of culturing and maintenance of the live stocks of the test species. A whole battery of microbiotests with test species belonging to several phylogenetic groups has gradually been worked out and subsequently commercialized by the spin-off company MicroBioTests under the generic name "Toxkit microbiotests".
The interest for an additional microbiotest with duckweeds was also triggered by the discovery that in the studies cited above on toxicity tests with S. polyrhiza, one study (Montvydienė and Marčiulionienė, 2004) indicated that the assays had been started "with turions in the initial stage of first leafy stem development".
Research on a S. polyrhiza microbiotest has been performed for several years jointly by the research team of MicroBioTests with the research group of the Laboratory of Ecology and Environmental Sciences at the Agricultural University of Athens in Greece, which has extensive know how on duckweed culturing and toxicity testing with duckweeds. The investigations first focused on the biological and technical aspects of production of S. polyrhiza turions and on the storage medium and the storage conditions for the turions for their successful germination after increasing periods of storage.
Once appropriate conditions for the former aspects had been found, the research was focused on the development of a methodology for the Spirodela microbiotest. The first procedure consisted of a 3 days germination of the turions in a Petri dish, in Steinberg medium, at 25
• C and with 6000 lux continuous illumination. Two germinated turions were transferred into each cup of a 6 × 4 multiwell containing Steinberg medium and the respective toxicant concentrations. The multiwell was incubated for 3 days at 25
• C and 6000 lux continuous illumination. A photo of the multiwell taken with a digital camera was transferred to a computer, for measurement of the areas of the first fronds of the germinated turions in each cup, with an Image Analysis programme. Data treatment and calculation of the 72 h EC50 was performed on specific Excel sheets. Figure 2a shows a photo of a germinated turion at the start of the toxicity test, and Figure 2b a photo of the first frond in a control cup after 3 days incubation.
The 72 h EC50 of the S. polyrhiza microbiotest performed according to the procedure described above was compared with the 7d EC50 range of the Lemna minor assay for the 2 reference chemicals (3,5 dichlorophenol and KCl) prescribed by ISO standard 20079. This comparison revealed that the EC50's of the new microbiotest were within the acceptability range for both reference chemicals indicated in this ISO standard.
In order to evaluate the ease of performance and the practicality of the S. polyrhiza microbiotest and its interlaboratory precision, a preliminary ringtest was then organized on the reference chemical KCl. The outcome of this exercise with 6 laboratories was very successful (an interlaboratory CV of 6%) and the comments and suggestions of the participants allowed to refine and improve the test methodology.
An adapted procedure was worked out which makes use of multiwells with 6 × 8 cups with only one germinated turion per cup, which allows an easier area measurement of the first frond of each turion. Growth of the first fronds was selected as the best effect criterion and is determined by taking a digital photo of the multiwell at the start and at the end of the test, on which measurement of the area of the first frond in each cup can be made by Image analysis. Calculation of the growth of the first fronds (i.e. the t72 h-the t 0 h area) was found to substantially increase the sensitivity of the test in comparison to the original test procedure.
A second International Interlaboratory Comparison with the adapted test procedure was subsequently organized with the same reference chemical KCl. Fifty six laboratories, institutes, organizations and companies from 22 countries participated in this second ringtest which was again very successful. Based on the results and the comments of this exercise one single validity criterion for the Spirodela microbiotest was eventually selected, i.e. that the growth of the first fronds in the controls at the end of the 3 days exposure should be at least 10 mm 2 . A detailed report on this International Interlaboratory Comparison of the Spirodela duckweed microbiotest can be found on the website www.microbiotests.be.
According to the participants in the first and the second International Interlaboratory Comparison exercises, the test procedure of the "stock culture free" Spirodela polyrhiza assay is very simple and practical. Since the results of these ringtests furthermore showed that this toxicity test has a high degree of reliability and robustness, it was decided to work out a proposal for submission to the ISO for publishing this new test as an International Standard. 23p8 R. Baudo et al.: Knowl. Manag. Aquat. Ecosyst. (2015) 416, 23 The requirement of ISO 5725-1 (1994) which addresses "accuracy (trueness and precision) of measurement methods and results", however, stipulates that "supporting data" for the accuracy of any new method "must originate from laboratories which have a previous experience with the application of the proposed test procedure". Yet, this was not the case with the 2 ringtests which had already been organized since all the participants had in fact been "first time users" of the Spirodela microbiotest. So in order to abide by the conditions for an ISO standard, an additional ringtest was needed and a call was issued to 10 laboratories from different countries, which had participated in the second ringtest. Consistent results were again obtained in this 3rd ringtest and a detailed report on this exercise can be found on the website www.microbiotests.be. A proposal for "Determination of the growth inhibition effects of waste waters, natural waters and chemicals on the duckweed Spirodela polyrhiza -Method using a stock culture independent microbiotest" has then therefore been submitted to ISO in 2014. Since the majority of the votes on the proposed new test method from the National Standardization Organizations members of ISO were positive, the proposal has been approved by ISO for further evaluation as a "new project" (ISO/NWIP).
SENSITIVITY COMPARISON OF THE SPIRODELA POLYRHIZA MICROBIOTEST WITH THE LEMNA TOXICITY TESTS
The Spirodela polyrhiza microbiotest besides being very simple and easy to perform, has several advantages over the conventional duckweed tests:
(1) the assay does not require culturing or maintenance of live stocks of the test species, and can be performed "anytime, anywhere" by use of stored turions; (2) stored turions have a shelf life of several months with a high germination success; (3) the microbiotest requires minimal bench and incubation space, and minimal equipment; (4) the test does not require manipulation of the organisms during or at the end of the test; (5) the area measurements of the first fronds do not need to be made immediately and can be postponed to an appropriate timing; (6) the area measurements by image analysis are very rapid and precise, and take less than one hour for a complete test. Table II gives an overview of the characteristics of the test protocols of the "conventional" Lemna toxicity tests, as described in ISO 20079 (2005) and in OECD Guideline 221 (2006), and of the Spirodela polyrhiza microbiotest (ISO/NP 20227 (2015) . This Table shows that the S. polyrhiza microbiotest test has a number of advantages over the "conventional" Lemna tests :
-the duration of the microbiotest is shorter, the more so if considering the pre-culturing requirements; -it is based on more replicates (8 instead of 3 or 6); -it requires a much lower volume of test sample; -with regard to precision, the ISO protocol does not report any indications, while the OECD method refers to a publication which is not easily available; in turn the intra-and interlaboratory variabilities of the Spirodela ringtest(s) are treated in detail in the reports given in www.microbiotests.be.
Irrespective of the simplicity and practicality of the "stock culture independent" S. polyrhiza microbiotest, its sensitivity to chemicals and natural samples should be at least "similar" to that of the standard duckweed tests with Lemna species in order to be taken into consideration as a possible (interesting) alternative duckweed assay. At the time of development of the first test protocol described above, a first sensitivity evaluation had been made on 18 chemicals, with comparison of the EC50's with those of studies on Lemna tests found in scientific literature. A linear comparison of the data pairs was made and showed a very nice correlation between the respective EC50's (R 2 = 0.95). Research was therefore initiated to make a more strict sensitivity comparison of the S. polyrhiza microbiotest with 7 d Lemna minor assays in which "frond number"has been used as the effect parameter. Literature data were therefore collected for Lemna minor 7d EC50's based on frond number, and additional Lemna minor tests on a number of compounds were performed in the Laboratory of Ecology and Environmental Sciences at the Agricultural University of Athens in Greece, and on Spirodela tests in the latter laboratory and in the company MicroBioTests Inc. Eventually EC50 data were found or were generated for 20 inorganic and organic chemicals for both the 7d Lemna minor and the 72 h Spirodela microbiotest, both based on growth as the effect criterion. Table III reports the EC50 data pairs for 9 herbicides, ordered in increasing value of the Spirodela test. The table shows that the sensitivity of both duckweed tests for all these chemicals is very similar. For several herbicides the 72 h giant duckweed microbiotest is actually comparable or more sensitive than the 7d L. minor assay. The EC50 data for 4 inorganic and organic compounds are given in Table IV , in increasing order for the Spirodela microbiotest. The sensitivity of both duckweed assays is similar for 3,5 dichlorophenol, and S. polyrhiza is slightly more sensitive than L. minor for aceton and KCl, but slightly less sensitive for ethanol. The EC50 results for 9 metals are shown in Table V , in increasing order for the Spirodela microbiotest. As was the case for the analyzed herbicides and the inorganic and organic compounds, the sensitivity of the 2 assays is similar for some metals, but somewhat different for other metals, with either the giant duckweed or the Lemna test being more or less sensitive than the other test species. The differences are, however, quite small, except for chromium and boron, for which Spirodela appears to be substantially more sensitive than L. minor. A correlation analysis of the EC50 data pairs of the 22 chemicals listed in Tables III-V has been made and is expressed graphically in Figure 3 . Since the EC50's range from µg·L −1 to g·L −1 , the data have been transformed in log values for visualization in the graph.
The regression line and the R 2 of 0.95 for chemicals belonging to different groups with different modes of action for the two concerned aquatic macrophytes confirms the "overall" good agreement of the sensitivity of the S. polyrhiza microbiotest and the L. minor assay.
CONCLUSIONS
The overview of the history of toxicity tests with duckweeds confirms that these free-floating aquatic macrophytes are an important group of primary producers which deserve their place in a test battery well complementing the toxicity tests results for other members of the aquatic food chain, for an ecologically meaningful evaluation of the toxic hazard of pollutants in freshwater ecosystems. Standard tests with Lemna species are prescribed and used worldwide but they are dependent on culturing/maintenance of live stocks and they require much bench space and incubation space and their performance in addition is quite time consuming. The 72 h microbiotest with Spirodela polyrhiza, the development of which is treated in detail in this paper is undoubtedly for several reasons a major step forward in this regard. The new assay is not only quite simple and practical and less demanding than conventional duckweed assays, but it is also "stock culture/maintenance free" since it departs from dormant turions. Extensive International Interlaboratory Comparisons have shown the robustness and the reliability of the S. polyrhiza microbiotest. Last but not least, sensitivity comparisons of the 3d new microbiotest with the 7d Lemna minor assay on 22 compounds of different groups of chemicals have clearly indicated that based on growth as the effect criterion, both assays give a similar response for the toxic effects. Based on all the former evidence it can thus be concluded that the 72 h S. polyrhiza microbiotest is an interesting alternative to the 7d conventional assay with L. minor, and that it was worth to propose it to the ISO for publication as a standard test for toxicity testing with duckweeds.
